severe aphid infestation . An additional threat posed by the aphid is its ability to transmit certain 
sota have developed recommendations for the use of insecticides to control the aphid (Ostlie, 2002) . Until other components of integrated pest management S oybean is a major crop in the USA, with Ͼ75 million (IPM) are developed, soybean producers will need to Mg of grain produced in 2000 (USDA, 2002) . A new rely on the use of insecticides to control the aphid. threat to soybean production in the USA, the soybean An integral component of an IPM program to control aphid, recently arrived.
aphids is plant resistance (Auclair, 1989 ; Harrewijn and A native of Asia, the soybean aphid was first found in Minks, 1989) . Insect resistance can significantly reduce the Midwest in 2000 (Hartman et al., 2001) . It rapidly input costs for producers (Luginbill, 1969) . Resistance spread throughout the region and into other parts of North was reported in G. soja (Sun et al., 1990) , a close relative America (Patterson and Ragsdale, 2002) . High aphid popof G. max (Hymowitz, 1970) , and other wild relatives ulations can reduce crop production directly when their (Zhuang et al., 1996) . There are no reports of resistance feeding causes severe damage such as stunting, leaf distorin G. max. A report from Indonesia indicated that there tion, and reduced pod set (Sun et al., 1990) . Yield losses was no resistance in a test of 201 soybean cultivars and attributed to the aphid in some fields in Minnesota during breeding lines (Sama et al., 1974) . 2001, where several thousand aphids occurred on individThere are three basic kinds of resistance: tolerance, ual soybean plants, were Ͼ50% (Ostlie, 2002) with an antixenosis, and antibiosis (Smith, 1989) . Knowledge of average loss of 101 to 202 kg ha Ϫ1 in those fields (Patterson the mechanism of resistance is necessary to develop efand Ragsdale, 2002) . In earlier reports from China, soyfective screens to identify resistant plants. Choice tests, bean yields were reduced up to 52% when there was an where aphids are allowed to choose their preferred hosts, average of about 220 aphids per plant (Wang et al., 1994) help identify resistance, but do not distinguish between and plant height was decreased by about 210 mm after the types of resistance. Nonchoice tests, where aphid movement is restricted to a single host, help distinguish effects of a systemic insecticide on aphid colonization, plant help identify tolerance, the ability to produce similar height, dry mass, number of pods, number of seeds, seed yield, yield in the presence or absence of aphids.
and 100-seed weight of resistant and susceptible germplasm.
Resistance can be eroded by the rise of biotypes that can overcome resistance (Auclair, 1989; Smith, 1989) .
Aphid Culture There is no information on the existence of biotypes in A. glycines.
Three clones of soybean aphids were established from single first-instar nymphs isolated from different aphid collections.
The objectives in this study were to identify resistance The studies were conducted in the greenhouse and in opment (Hirano et al., 1996) and under continuous 300 mol the field. m Ϫ2 s Ϫ1 PAR irradiation, and 70% relative humidity (RH). The Urbana clone was used in all resistance-screening experiments described below.
MATERIALS AND METHODS

Experiments
Plant Culture Table 1 lists the experiments that were conducted to evaluPlants in greenhouse experiments were grown in soilless ate soybean germplasm for resistance to the soybean aphid potting medium (Sunshine Mix, LC1, Sun Gro Horticulture and provides information on number of entries, experimental Inc., Bellevue, WA), 1 in plastic multi-pot inserts (Hummert design, type of test, and the parameters measured. A systemIntl., Earth City, MO) (pot sizes ranged from 30 ϫ 40 ϫ 60 mm atic approach was used to screen the following soybean germto 60 ϫ 60 ϫ 60 mm), contained inside plastic trays without plasm for resistance: (i) commercial cultivars entered into holes (Hummert Intl., #F1020) (Exp. 1-13, 16), or in 125-ϫ the Variety Information Program for Soybeans (VIPS) at the 87.5-mm plastic azalea pots (Hummert Intl.) (Exp. 14, 15). University of Illinois, (ii) commercial cultivars adapted to the Size and number of multi-pots per insert used depended on Southern USA obtained from P. Raymer, University of Georthe number of test entries and the experimental design. Before gia (Exp. 1-5), (iii) a set of Asian cultivars assembled by R.
planting, multi-pots were filled to capacity with the potting Nelson, USDA Soybean Germplasm Curator (Exp. 6), (iv) a medium and then the medium was premoistened to field caset of Clark isolines containing different pubescence genes pacity. Two seeds of each test entry were placed in a shallow (Bernard and Weiss, 1973; Specht et al., 1985; depression (≈10 mm deep) made by lightly pressing a finger 1991) (Exp. 7, 8) , and (v) a collection of North American into the potting medium, and were covered with ≈5-mm layer ancestral germplasm (Gizlice et al., 1994) (Exp. 9, 10 into the soilless medium about 10 mm deep to prevent aphid In most of the choice tests (Exp. 1-6, 9, 10, 13, 16), leaves escape. Total aphid populations on each plant were counted from Williams 82 plants infested with the Urbana clone were at 3-to 4-d intervals, up until 13 d after placing the nymphs placed on top of V E -stage seedlings (Fehr and Caviness, 1977) on the test plants. arranged in randomized complete blocks with three or four replications and with a row of two to four plants per experimental unit. There were 50 to 200 aphids of all stages on each
Test of Variability of Aphid Clones
infested leaf used to transfer aphids to the test plants. The aphids moved from the infested leaves to the test seedlings Resistant germplasm was challenged with the three aphid clones that were established, as described above, in a choice within the first day after transfer, and after about 7 to 14 d, they distributed themselves on preferred hosts and detest to evaluate the effect of resistance on different soybean aphid clones (Table 1 , Exp. 16). Single plants of five resistant veloped colonies. To avoid disturbing the aphids, plants were bottom watered by flooding the trays containing the plants and three susceptible cultivars were arranged in a split-plot design, with clones organized as main plots and cultivars as as needed.
Resistance was evaluated at periodic intervals after infestasubplots, with three replications. The clones were kept isolated by placing plants in 32-pot inserts inside 360-ϫ 510-ϫ 380-mm tion with estimates of aphid colonization and plant damage or by actual counts of aphid populations on each experimental cages made with 4-mm-thick clear Plexiglas. A 250-ϫ 380-mm window was cut in the top of each cage for aeration and was unit that consisted of a row of two to four plants. An aphid index was calculated by multiplying the estimate of aphid covered with a plastic mesh with 100-m openings (Sterling Net Co.). Aphids were transferred onto V E -stage seedlings population size, 0 to 3, where 0 ϭ no aphids observed to 3 ϭ high aphid density (Ͼ100 aphids per plant), by the rating of and aphid population and damage ratings were recorded weekly for 3 wk. plant damage, 0 to 3, where 0 ϭ no perceptible damage to 3 ϭ severe leaf distortion and stunting, or plant death, giving a range of possible index values from 0 to 9 (Hill et al., 2002) .
Field Cage Experiment
Indirect aphid infestation was done during the V 1 -stage (Fehr and Caviness, 1977) in Exp. 7, 8, and 11 and during A field experiment was conducted at Urbana, IL, in 2002 the V c -stage (Fehr and Caviness, 1977) plants in Exp. 12 by to measure the agronomic performance of resistant and susexposing test plants to viparous alatae from neighboring inceptible cultivars under severe aphid infestation and when fested plants in the greenhouse test plants. Aphid populations protected by a systemic insecticide (Exp. 17). Plots of eight were counted 5 (Exp. 8), 7 (Exp. 7), and 9 d (Exp. 11, 12) cultivars, three resistant and five susceptible, were arranged after infestation.
in a split block design with four replicates arranged in a RCB. Main plots were cultivars and subplots received either no insecticide treatment or a granular formulation of the systemic
Nonchoice Tests
insecticide imidacloprid (1% G, Marathon, Olympic Horticultural Products, Mainland, PA) by applying a top-dress band Characterization of the type of resistance in resistant germplasm was studied in nonchoice tests conducted in a plant at a rate of 4.2 mL m Ϫ1 of row when plants were transplanted into the cage. Plants of each cultivar were grown in a growth growth chamber with environmental conditions as described above. Two methods to apply and confine aphids to test plants chamber maintained at 28ЊC, 70% RH, and 300 mol m Ϫ2 s Ϫ1 irradiation controlled by a timer programmed to give a 12-h were used. Experiments were arranged in completely randomized design with four replications and one plant per replication.
photoperiod for 4 wk. The short photoperiod was required to synchronize the floral development of the plants of cultivars In the first method (Exp. 14), a single viviparous alate was placed on the abaxial side of the lamina of the center leaflet from several MGs. Six R 1 -stage (first bloom) (Fehr and Caviness, 1977 ) plants were transplanted on 5 June 2002 into 0.3-m of a new, fully expanded trifoliolate leaf of individual V 1 -to V 2 -stage plants (Fehr and Caviness, 1977) with the aid of a single-row main plots with 5-cm spacing between each plant. There were eight main plots in a range and eight ranges, moist camel's hair paint brush. Aphids were isolated on the leaves by attaching leaf cages over the aphids to restrict their with two ranges per replication. One of the ranges in each replication comprised the subplot that was treated with insectimovement. The cages were made with 1-mm-thick plastic tubing with a 10-mm i.d., cut 12 mm long, and covered with plastic cide and the other range in a replication was the subplot that was not treated with the insecticide. Plots within a range were mesh with 100-m openings (Sterling Net Co.) glued on one end. On the opposite end of the cage tubing, a 4-mm-wide ϫ separated by 0.6 m and ranges were separated by 0.3 m. The experiment was contained inside a 6-ϫ 6-ϫ 2.1-m field cage 4-mm-thick foam ring with a 8-mm i.d. and 12-mm o.d. was centered and glued on to provide a seal between the cage and with a 52 ϫ 52 threads per linear inch mesh polypropylene covering supported by a galvanized steel frame (Redwood leaf surface when attached to the leaf. Cages were placed over the aphids with the foam end down on the leaf surface and Empire Awning and Furniture Co., Santa Rosa, CA). The distance from the cage covering and the plots was from 0.6 were fastened to the leaf with a metal clip held closed by spring tension. Alates were placed on four individual plants to 0.9 m. Controlled-release nutrient pellets (Nutricote 14-14- in both experiments (Table 2 ; P Ͻ 0.001 in the first test Statistical Analyses and P ϭ 0.009 in the second test). Population development on all isolines was significantly higher or not signif- 
RESULTS
lations than the dense pubescent isolines L62-1686 and
Screening for Soybean Aphid Resistance
L76-1815 in the first experiment and significantly lower than L62-1686 and L77-1040 in the second experiment No resistance to the soybean aphid was found among the set of 798 commercial MG II through IV cultivars (P ϭ 0.05). 
Confirmation of Resistance
no live aphids were observed on Dowling. Fewer than Further evaluation of the resistance of Dowling, PI 20 aphids were observed on PI 71506 and Jackson. There 71506, and Jackson in replicated choice tests (Table 1 ; was no plant damage observed on Dowling, whereas on Exp. 11, 12) indicated that plants of all three had signifi-PI 71506 and Jackson, minor plant damage may have cantly lower populations of aphids than susceptible occurred on some plants, but it was often not clearly check plants (Table 4) . Populations on Jackson plants distinguishable. Nine other lines had aphid indices Ͻ5.
were significantly (P ϭ 0.05) lower than on Dowling They had moderate aphid densities accompanied with and PI 71506 plants in the first choice test (Exp. 11). In minor leaf discoloration and leaf distortion. Four of the second choice test (Exp. 12), populations on Jackson these, Tracy, Verde, Mejiro, and Peking, were retested and Dowling plants were significantly (P ϭ 0.05) lower (Exp. 8) and had aphid indices significantly (P ϭ 0.05) than on PI 71506 plants. Higher aphid populations dehigher than Jackson, Dowling, 'Palmetto', and 'CNS'. veloped when plants were exposed to alatae at the V cThe 75 remaining lines had moderate to high aphid densities accompanied with moderate to severe damage.
stage in the second test compared with exposure at the There were highly significant (P Ͻ 0.001) differences density) ϫ aphid damage (0, no damage, to 3, severe damage). ‡ Mean of four replications of two plants. Means followed by the same (Table 5) Exp. 13). The aphid index of the cultivar Palmetto, a parent of Jackson, was not significantly different from CNS and PI 71506 was not significantly lower than susJackson, while aphid indices of Jackson's other parent, ceptible cultivars in experiment. Volstate, and its grandparents 'Tokyo' and PI 54610 were significantly (P ϭ 0.05) greater than Jackson. CNS, a grandparent of Dowling, had an aphid index not signif- (Table 1 , Exp. 16) 'S-100', 'Arksoy', and 'Ralsoy', were significantly (P ϭ of the three clones established from aphids collected 0.05) greater than Dowling. Again, very few live aphids from different geographic areas, indicating that the were observed on Dowling, Jackson, PI 71506, and simiclones had similar virulence on the set of cultivars tested. larly on Palmetto and CNS. Several dead aphids were There also was no significant (P ϭ 0.12) clone by cultivar observed on Dowling, Jackson, and Palmetto. All susinteraction, indicating that there was no host specializaceptible checks had aphid indices Ͼ6 and were signifition among the three aphid clones. Differences among cantly (P ϭ 0.05) higher than Palmetto, Jackson, Dowcultivars were highly significant (P Ͻ 0.001). ling, and PI 71506. 
Variation among Aphid Clones
71506, indicated that aphid population development on
Number of aphids per plant Dowling, Jackson, and Palmetto was significantly (P ϭ
Viviparous alate
Two first instar nymphs 0.05) lower than on CNS and PI 71506 ( be retarded or halted. That may explain why aphid pop-
Mean 13 11
ulations were higher when alatae were used compared † Mean of four plants. Means followed by the same letters are not significantly different by the least significant difference test (P ϭ 0.05).
with first instar nymphs. Population development on
Aphid Control with Resistance Compared with
and they did not fully mature before the end of the experiment; however, differences between the insecti-
Use of a Systemic Insecticide
cide and noninsecticide treatments within a cultivar for There were significant (P ϭ 0.006) differences some agronomic parameters were evident. There was a (Table 7) in aphid indices among the eight genotypes significant (P ϭ 0.01) treatment by cultivar interaction in the treatment without imidacloprid in the field cage for 100-seed mass. In particular, single-degree-of-freeexperiment (Table 1 , Exp. 17). Indices for Dowling, dom contrasts or comparisons made between the treatJackson, and PI 71506 were significantly lower than ments with and without imidacloprid indicated that DowPioneer 93B01, Ina, Loda, and Pana; however, they were ling resistance gave similar or equal protection against not significantly lower than Williams 82. Very few if the soybean aphid as did imidacloprid (Table 7) . No any aphids were observed on Dowling plants throughout parameter means for Dowling in the treatment without the season, and no plant damage occurred. There were imidacloprid were significantly different from the imiup to about 20 aphids observed on Jackson plants and dacloprid treatment means and the means were nearly up to about 50 aphids on PI 71506 plants observed at identical for each parameter. Significant differences were any given time during the season. Discernable foliar found between the treatments in most parameters for damage did not occur on Jackson plants, while mild leaf Jackson and PI 71506, indicating that resistance in those yellowing and minor leaf distortion did occur on PI cultivars did not protect the plants against the aphid as 71506, presumably caused by aphid feeding as it was well as the resistance in Dowling did. In fact, Jackson not observed on plants in the imidacloprid treatment.
and PI 71506 plants appeared to be stunted in the insectiDense aphid populations built up on all five of the cide-free treatment, as indicated by significant differsusceptible cultivars until they progressively declined as ences in height between the imidacloprid and insecticidea result of decreased availability of susceptible tissue free treatments. However, the agronomic performance of because of severe damage caused by aphid feeding. Peak the susceptible cultivars, in particular Pioneer 93B01, populations reached several thousand aphids on suscepLoda, Ina, and Pana, was much more severely affected tible plants. Moderate leaf yellowing and leaf distortion by aphid feeding. Plants of those cultivars were not only occurred on Williams 82, while severe foliar damage severely stunted in the treatment without imidaclooccurred on the other susceptible cultivars, including prid, but aphid feeding also killed many plants. Producstrong leaf yellowing, gross leaf distortion, and severe tivity of Ina and Loda was reduced to nearly zero by desiccation of plant tissues. All plants of Loda, Pana, aphid feeding. Although aphid populations were also and Pioneer 93B01 in the treatment without imidaclohigh on Williams 82, the effects of aphid feeding on prid died before maturation (R 7 -stage).
agronomic performance were not as strong as on the Plants in the imidacloprid treatment were completely other susceptible cultivars. protected from aphid feeding until late in the season, when a few live aphids began to appear on susceptible DISCUSSION plants, apparently because the protective effects of the insecticide began to wear off. No damage occurred from This is the first report of the existence of resistance the late aphid feeding.
to the soybean aphid in North American soybean germAs expected, development of Dowling (MG VIII) plasm. A systematic approach and an efficient greenand Jackson (MG VII) plants was retarded compared house screening method were used to find the resistance. The search began with a screen of current commercial with the entries adapted to the location (MGs II-IV) Program, 2003) . The effect of both cultivars on aphid population development, survival, and fecundity different pubescence traits was tested to determine if pubescence type or density might confer resistance were similar (Table 5 ). The origin of the resistance in Dowling was less clear because of the differences in the (Table 1; Exp. 7, 8) . It turned out that isolines having dense pubescence were more susceptible than glabrous type of resistance expression in Dowling and its grandparent CNS (Table 5 ), as noted above. The genetic relaor normal types (Table 2) . Then, a set of ancestral germplasm was tested to determine if any resistance could be tionship between Dowling resistance and the resistance in Jackson is unknown; however, it seems likely that found in ancestors of North American soybean cultivars. Resistance in three ancestral genotypes, Dowling, Jackthe resistance in PI 71506 is not genetically related to either the Jackson or Dowling resistance because of the son, and PI71506, was identified ( (Ta- to provide protection to the soybean aphid equal to imidacloprid (Table 7) . Imidacloprid was an effective aphible 1, Exp. 13), were found to be resistant (Table 5) Luzzi et al., 1995) .
All nine resistant genotypes belonged to MGs IV its use in an integrated control program with chemical and other control methods (Wang et al., 1998) maxithrough VIII. It seemed possible that resistance could be found in current cultivars belonging to those MGs; mizes its durability. In contrast to reported effects of soybean pubescence however, no resistance was found in commercial cultivars belonging to those MGs that were tested in this on insect pests, such as reduced damage due to feeding by plant hoppers, Empoasca fabae (Harris) (Elden and study. This suggested that resistance present in ancestral germplasm did not persist through the development of Lambert, 1992), reduced feeding of the Mexican bean beetle, Epilachna varivestis Mulsant (Gannon and Bach, current commercial soybean cultivars in the central and southern USA, probably because there was no selection 1996), reduced leaf damage caused by the false melon beetle, Atrachya menetriesi Falldermann (Kanno, 1996) , pressure to aid breeders in identifying, selecting, and maintaining resistance without the presence of the soyincreased resistance to defoliation by lepidopterans (Lambert et al., 1992) , and effects on the probing behavbean aphid in North America. The lack of resistance in the 106 Asian cultivars tested (Table 1, Exp. 6) was ior of other aphid virus vectors (Gunasinghe et al., 1988) , there was no protective benefit of dense pubescence unexpected because they were developed where selection pressure was assumed to have existed, although against the soybean aphid (Table 2 ). In fact, the ability of the soybean aphid to colonize soybean irrespective there are no known reports of the existence of resistance in G. max in the Asian literature.
of pubescence may have given it a selective advantage during its co-evolution with G. max. Soybean aphids Nonchoice tests (Table 6 ) demonstrated that the resistance in Dowling, Jackson, and Palmetto had a strong feeding underneath trichomes may be protected from predation and parasitism. antibiotic effect on the soybean aphid, as indicated by the lack of population development on those cultivars, Although a small sample of clones was tested (Table 1 , Exp. 16), the lack of differences among the three clones apparently due to a negative impact on fecundity, and high mortality. In contrast, resistance in PI 71506 and indicated that the aphid population in the geographic region surveyed consisted of a single biotype or possibly CNS appeared to be primarily antixenosis or nonpreference type because high aphid populations were clearly the same clone. Nonsignificant clone by cultivar interaction indicated that variability in virulence toward the discouraged on those cultivars in choice tests, while in the nonchoice tests, population development was not resistant cultivars, or host specialization, did not exist in the region. That suggested that the resistance would significantly lower than the development on susceptible cultivars. Although alates of uniform age were not used be effective throughout the region, initially at least, until genetic variability for virulence was introduced by mutain Exp. 14 (Table 1), the magnitude of differences between resistant accessions and susceptible genotypes tion, migration, or another mechanism. The screening methods used in this study proved to (Table 6) was great enough to limit the importance of variability in population development due to potential be efficient in screening large numbers of genotypes for resistance. Resistant phenotype expression, low aphid bias of the age of adult used to initiate colonies. The resistance in all five resistant genotypes appeared to be population densities with minimal plant damage, was
